Values of the scavenging coefficient determined from observations of ultrafine particles (with diameters in the range 10-510 nm) during rain events at a boreal forest site in Southern Finland between 1996 and 2001 were reported by Laakso et al. (2003a) . The estimated range of the median values of the scavenging coefficient was [7×10 −6 −4×10 −5 ] s −1 , which is generally higher than model calculations based only on below-cloud processes (Brownian diffusion, interception, and typical phoretic and charge effects).
Introduction
Aerosol particles are generated in the atmospheric environment by homogeneous nucleation of gaseous species, and by ion-induced nucleation (Covert et al., 1992; Widensohler et al., 1996; Raes et al., 1997; Weber et al., 1998; Kulmala et al., 1998 Kulmala et al., , 2000a Allen et al., 1999; O'Dowd et al., 1999; Birmili and Widensohler, 2000; Yu and Turco, 2001) . Also, nucleation mode particles are emitted from gasoline engines (Harris and Maricq, 2001) . Aitken mode particles are emitted directly from traffic exhaust, or may result from condensational growth of nucleation mode particles (Kerminen and Wexler, 1996; Alam et al., 2003 : Laakso et al., 2003b . Accumulation mode particles originate from industrial combustion and re-suspension from road beds. Some aerosols originate from sea spray and cloud processing of particles and vapours. A significant source of aerosol particles is biomass burning (Andreae and Merlet, 2001 ). Particles larger than 100 nm are mainly mechanically generated: dust, re-suspension, industrial processes and sea-salt.
Ultrafine particles (UFP) are generally defined as aerosols with diameter d p <100 nm. In this work, we will use UFP to describe the full range of available aerosol size nm from the analyzed measurements (Laakso et al., 2003a) . Homogeneous nucleation and direct injection of UFP into the atmospheric environment both act to increase particle concentrations. This affects visibility, cloud-condensation nuclei (CCN), and human health. After their formation, the fate of UFP is controlled by a combination of processes: advection, turbulent mixing, coagulation, condensation-evaporation, chemical reactions, aerosol-cloud interactions, and deposition (Seinfeld and Pandis, 1998; Jacobson, 2002) . The sizes of UFP are augmented by the processes of condensation and coagulation, while their number concentration is reduced by coagulation with pre-existing aerosol particles and by various 4740 C. Andronache et al.: Scavenging of ultrafine particles by rainfall deposition processes. Kulmala et al. (2000a) showed that UFP with diameters, d p ∼1−10 nm, are efficiently scavenged by Brownian coagulation with larger ambient aerosols. The growth of UFP to sizes, d p ∼10 nm, is critical for the survival of such particles and for their potential influence on CCN concentrations. To become activated as cloud droplets, UFP need sufficient time to grow by condensation and coagulation. Rain is an effective mechanism for aerosol removal from the atmosphere and it can limit the number of small aerosol particles growing to the sizes required for activation of cloud droplets. Atmospheric particle removal is also a process of interest for numerical studies, in the effort to improve aerosol and chemical models at various scales (for example, see Rasch et al., 2000; Tost et al., 2006) .
The wet removal of aerosol particles (AP) from atmosphere is caused by two processes: (a) if an AP is in the BL below-cloud, it can be collected by a falling raindrop ("below-cloud scavenging", BCS); (b) if an AP is in-cloud or at cloud base, where supersaturated conditions exist, it can become a cloud droplet by the nucleation scavenging process (Komppula et al., 2005) . Such a particle grows to the size of a cloud droplet and can be efficiently collected by raindrops falling inside cloud ("in-cloud scavenging", ICS). In-cloud interstitial aerosol can be also be scavenged by coagulation with cloud droplets and by collection onto falling raindrops.
The below-cloud scavenging rate depends on the collection efficiency between a falling raindrop and aerosol particles. Throughout this paper we assume that the collection efficiency is equal to the collision efficiency. This assumption is correct if every collision between a UFP and a raindrop is followed by coalescence. It has been shown (Pruppacher and Klett, 1998 ) that a collision is followed by coalescence when d p /D p 1, where D p is the raindrop diameter. This is because, in that case, the kinetic energy of tiny aerosol particles is relatively small in comparison with that of large particles (falling raindrops), causing the probability of bounce-off in collisions between small UFP and raindrops to be low. In that sense, the coalescence efficiency of UFP colliding with raindrops must be close to unity. The condition for coalescence during a collision is satisfied by typical UFP present in the BL below-cloud, where aerosol particles uptake water and become wet. These UFP behave as small spherical particles colliding with a falling raindrop.
Brownian diffusion is an efficient mechanism for collection of very small particles (with diameters d p ≤10 nm) by falling raindrops (Greenfield, 1957) . Similarly, large particles (with diameters d p ≥2000 nm) have a relatively high collection efficiency because of their inertia, while particles with diameters in the range 10 nm ≤d p ≤2000 nm ("Greenfield gap"), tend to have small collection efficiencies. Slinn and Hales (1971) showed that thermophoresis could enhance the below-cloud scavenging of aerosols with diameters in the range [10-1000] nm. Work by Grover et al. (1977) , Wang et al. (1978) , McGann and Jennings (1991) , Byrne and Jennings (1993) , Tinsley et al. (2000) , showed that presence of electric charge on aerosol particles and raindrops increases the below-cloud scavenging of aerosols with sizes in the "Greenfield gap".
A series of studies estimated the effects of below-cloud scavenging on aerosol size distribution under various environmental conditions (Dana and Hales, 1976; Wang and Pruppacher, 1977; Slinn, 1983; Ten Brink et al., 1987; Jylhä, 1991; Sparmacher et al., 1993; Andronache, 2003) . Several reports estimated aerosol scavenging coefficients from direct measurements of the AP size distribution change at ground stations during rain events (Davenport and Peters, 1978; Schumann 1991; Laakso et al., 2003a; Chate and Pranesha, 2004; Maria and Russell, 2005) . Scavenging rates determined from such measurements show a large spread, and tend to be significantly higher than estimations based only on below-cloud collection removal, accounting for Brownian diffusion, interception, and typical phoretic effects (Laakso et al., 2003a) . Such results suggest that other processes are important in determining the overall observed scavenging of UFP from the BL. To address this problem, the present study has the following goal: to describe a modeling framework that accounts for below-cloud scavenging, UFP mixing into the cloud domain, nucleation scavenging and in-cloud scavenging. Such framework allows estimating the role of various processes in determining the aerosol scavenging as observed near ground, and is not intended as a new module for air pollution or aerosol transport models, which have transport and mixing processes explicitly represented. The model is used to evaluate the UFP effective scavenging coefficient, investigate its dependence on environmental parameters, and compare with observations. Possible implications for future field studies of aerosol scavenging are also discussed. 
Observations
To determine the rate of scavenging of UFP during rain events, Laakso et al. (2003a) used data from six years (1996) (1997) (1998) (1999) (2000) (2001) (Vesala et al., 1998; Mäkelä et al., 2000; Hyvönen et al., 2005) ( Fig. 1) . The station is located in a homogeneous Scots pine forest and is characterized by typical background conditions, with no local sources of pollution (Kulmala et al., 2000b) . The particle size distributions between 3 and 510 nm have been measured by two differential mobility particle sizers (DMPS) for each 10 min period (Aalto et al., 2001) . In their analysis, Laakso et al. (2003a) used data from the period between 1 May and 31 October of each year from 1996 to 2001, selecting rain events that lasted at least 0.5 h with a rain intensity R≥0.4 mm h −1 . Their analysis was also limited to particles with d p ≥10 nm, and a series of criteria were applied for data selection to minimize effects, on the UFP size distribution during rain events, arising from particle nucleation, growth by condensation and coagulation, dry deposition, and transport. Their experimental details will not be repeated here. In this section, considerations of UFP variability during rain events are presented, and the characteristics of precipitation in the region of interest are discussed.
A scatterplot of dn/d log(d p ) (for two particle diameters: 32 nm and 340 nm) versus rainfall rate is shown in Fig. 2 for years 1996-2001. First, we note a substantial decrease of number concentration at any of the two selected diameters with the increase in rain intensity (The same result is seen at all UFP diameters). Second, the plot shows the predominance of cases with small rainfall rates ∼1 mm h −1 . The number of samples with R≥10 mm h −1 is almost negligible. During each rain event that has been analyzed, the measured size distribution of UFP changes in time. If wet removal were the only process acting on the aerosol population, we would see a decrease in aerosol concentration with time, over the duration of the rain event. Often, other processes alter the size distribution, and measurements show cases in which aerosol concentration can grow during precipitation. Such effects may be attributed to processes such as advection, mixing, and growth. An example of a change in the UFP size distribution with time is shown in Fig. 3 for a case observed on 9 October 1999. The rain event lasted 3 h, with R∼1 mm h −1 , an air temperature between 6-9 • C, and a horizontal wind speed ∼1 ms −1 . A continuous decrease of the number concentration over most of the range of particle diameter in the size distribution is seen, except for d p ≤ 30 nm where there is a modest increase in number concentration. Such increases can be caused by transport, condensational growth and coagulation. This example illustrates the complexity of aerosol change during a relatively extended rain event. Analysis of meteorological data at Hyytiälä at 8.4 m above ground is illustrated in Fig. 4 . Air temperature varied between 0 and 25 • C, and the accumulated precipitation recorded during 15 min is mostly less than 1 mm, while the highest values reach ∼5 mm during the warmest months of the summer when convective precipitation is more frequent. However, such convective precipitation events are not too intense overall, since most cases produced R∼ 1 mm h −1 (Fig. 4a ). Rain duration (Fig. 4b) shows that the most frequent duration is less than 30 min, and there are very few cases with continuous rain events lasting more than 2-3 h. Figure 4c shows the distribution of horizontal wind intensity at 8.4 m, with values being predominantly in the range of 0.5-2.5 ms −1 . Figure 4d shows the distribution of RH with values being mostly in the range of 90-100%. There are a few cases of RH in the range of 60-90% that are typically associated with the warmest periods and more intense precipitation events. Synoptic meteorological observations from Jokioinen (60 • 49 N, 23 • 30 E; 104 m a.s.l.) provide details on cloud and precipitation types during rainy intervals recorded both at Jokioinen and Hyytiälä. The statistics of precipitation measured at the two stations is similar, which shows that the precipitation events at Hyytiälä and Jokioinen have similar properties. Data from Jokioinen show that precipitating clouds extended over all altitudes, and precipitation was classified into two types: frontal or shower precipitation. This is consistent with the overall picture of widespread stratiform precipitation being predominant, in conjunction with less frequent convective events.
The scavenging coefficient from observations, L o was estimated from measurements of UFP number concentration by Laakso et al. (2003a) using:
where n(d p ) is the UFP number concentration, and d p is the particle diameter. With n(d p ) being measured at two times, t 1 and t 2 , during rain events, the expression for
The parameterization of L o is described in detail by Laakso et al. (2003a) , being summarized in the Appendix. Thus, it has been determined that L o decreases with d p in the range ∼10-100 nm, has a minimum for d p between 100-200 nm, and increases slightly for d p larger than 200 nm. For any given aerosol diameter, L o increases with rain intensity as √ R. Significant variability was observed from case to case, and results must be seen as representative for average conditions of widespread precipitation and rain duration consistent with the resolution of R applied for the samples. These observed scavenging coefficients are compared with model results in the next section.
Model description
Modeling of the rate of UFP scavenging observed in the BL near the ground during rain events must consider these processes: (a) raindrops falling below-cloud collect UFP with an efficiency that depends on the sizes of aerosols and raindrops; (b) over the duration of a rain event, BL UFP are mixed throughout BL and within clouds. Some particles become cloud droplets or coagulate with cloud droplets and are removed while inside clouds. In-cloud entrainment is a complex dynamic process that occurs at the cloud base, lateral boundaries, and the top of the cloud. The focus of the present study is on entrainment at cloud base and lateral boundaries that results in mixing UFP from the BL into cloud elements. Although during precipitation such a process is highly inhomogeneous spatially and the entrainment rate varies with time, it will be characterised here by average values for a typical extent of a rain event. Insight into the physics of entrainment is available from direct field measurements (Martin et al., 1994; Svenningsson et al., 1997; Snider and Brenguier, 2000) , lidar data, high-resolution dynamic models, including large eddy simulations, and mesoscale models applied for simulation of precipitation (Rutledge and Hobbs, 1983; Niewiadomski, 1986; Tremblay, 1987; Houze, 1993; Flossmann, 1998; Zhang et al., 2004; Agusti-Panareda et al., 2005) . Such studies show significant variability of the parameters describing entrainment, and the important roles of turbulence and convection.
We are interested in the fraction, f 1 , of BL UFP reaching cloud base or being mixed into cloud, and we adopt values reported in literature based on cloud modeling of tracer transfer between BL and free troposhere. Once UFP reach the cloud, where supersaturated conditions prevail, some particles become activated as cloud droplets by the nucleation scavenging process (e.g. Komppula et al., 2005) . The scavenged fraction, f 2 , depends on aerosol size, supersaturation and chemical composition, as will be discussed below. UFP, which are not affected by nucleation scavenging and are mixed into the cloud, are subject to coagulation with cloud droplets, which in turn have a high probability of being removed by raindrop collection.
With these considerations, the rate of change in the BL UFP due to precipitation is written as:
where n(d p ) is the BL UFP concentration, and L BC is the below-cloud scavenging coefficient. The first term on the right-hand side of the above equation represents the loss of BL UFP by falling raindrops below cloud. The second term on the right-hand side represents the loss of BL UFP by mixing into cloud by entrainment, followed by nucleation scavenging and in-cloud scavenging. The second term of the right-hand side of Eq. (2) is expressed as:
where f 1 is the fraction of UFP from the BL that, by mixing and entrainment, reach cloud elements with supersaturated conditions. Also, f 2 is the fraction of such UFP that becomes activated as cloud droplets. L coll I C is the in-cloud scavenging coefficient due to collection by raindrops inside cloud, and L coag I C is the in-cloud scavenging coefficient due to UFP coagulation with cloud droplets.
Thus, Eq. (2) can be written as:
where
I C is the effective (or apparent) scavenging coefficient of the BL UFP to be compared with L o . Expressions for scavenging coefficients are given in Appendix A, and the list of notations is given in Appendix B.
Mixing of ultrafine particles into cloud
Entrainment of air and tracers into cloud depends on the intensity of vertical motions in the cloudy area, and has significant fluctuations over time and space. The nature of precipitation is also important, since stratiform clouds tend to produce a less intense mixing, and are limited in vertical extent, while deep convection is very efficient in rapid mixing of tracers throughout troposphere (Flossmann, 1998; Crutzen and Lawrence, 2000; Lawrence et al., 2003) .
Stratiform and convective precipitation are classified as follows. Stratiform precipitation falls from nimbostratus clouds, while convective precipitation falls from cumulus and cumulonimbus clouds (Houze, 1993) . Stratiform precipitation is a process in which vertical air motions are small compared with the fall velocity of ice crystals and snow (∼1−3 ms −1 ). The vertical velocity at cloud base for stratiform clouds is w b ∼0.2−0.5 ms −1 based on detailed studies of frontal stratiform precipitation (Rutledge and Hobbs, 1983) . Convective precipitation has a vertical velocity in the range 1-10 ms −1 , which exceeds the typical fall speeds of snow and ice crystals.
For precipitation in Southern Finland that occurred during the sampling period, rain events are characterized by short durations ranging from less that 0.5 h to a few hours. Rainfall intensities were R∼0.4−10 mm h −1 , with values mostly being less than 1 mm h −1 (Fig. 4a) . Inspection of the precipitation data from Jokioinen shows that frontal systems moving from Atlantic region over the southern Finland during summer cover a large area dominated by low R. Embedded in the frontal systems are convective precipitation systems occupying a smaller area, where R can be significantly higher. Often such frontal systems present a band structure that results in rain events interrupted by intervals of no rain or insignificant precipitation. Thus, for the time average of R in this experiment (30 min), the dominant precipitation is stratiform in nature, and strong convective cases are rare or are excluded from the analysis (Laakso et al., 2003a) .
The value of f 1 utilized in the model is inferred from several previous studies of tracer transfer between the BL and the free troposphere, for conditions of interest in the present work. Firstly, with a three-dimensional cloud model, Niewiadomski (1986) studied the transfer of tracers from BL into free troposphere. The simulations represented many clouds in various stages of development. Niewiadomski showed that in 1 h the average BL tracer was reduced by 15%. A value of f 1 ∼0.15 in 1 hour is inferred for UFP to reach the cloud base by vertical mixing. Secondly, Tremblay (1987) studied the role of cumulus cloud transport of chemical tracers, obtaining similar results to those of Niewiadomski. Both the measurements and the simulations with the three-dimensional model resulted in the net vertical transport rates of a few percent per hour. Thirdly, using the Met Office Unified Model to study ventilation of the BL, AgustiPanareda et al. (2005) recently determined the fraction of tracer transfer between BL and free troposphere for conditions of frontal cyclones over Europe. The fraction of the tracer in the BL transferred into the free troposphere was found to depend on convective conditions and tracer lifetime. For a tracer with lifetime of 3 h, the transfer was about f 1 ∼0.05 h −1 while significant variability has been attributed to the BL diurnal cycle. Because the frontal system did not cover all of the model domain in their study, their value of f 1 is expected to be lower than in cases where clouds cover the entire domain, as in the present study and in the modeling work by Niewiadomski (1986) . Clearly, variability in convective conditions, duration of mixing, and the time scale of processes involved in tracer transformation, can all cause significant variations of the net fraction of BL tracer transferred into the free troposphere.
In-cloud nucleation scavenging
When aerosol particles reach the cloud base by mixing and are entrained into the cloud element, they encounter supersaturated conditions. A fraction, f 2 , of such particles is then activated and form cloud droplets. Now, f 2 is often named the scavenged fraction or scavenged ratio (Svenningsson et al., 1997; Martinsson et al., 1999 , Komppula et al., 2005 . This is the process by which cloud droplets form on preexisting aerosol particles. Under subsaturated conditions, aerosol particles have equilibrium sizes determined by the ambient relative humidity (RH) and the amount of soluble matter in the particle. At supersaturated conditions, particles can grow larger than the critical diameter and form cloud droplets. The supersaturation required for droplet activation depends mostly on the aerosol size and to some extent on the chemical composition of the aerosol particle. The supersaturation is governed by the rate of cooling of the air mass and the rate of condensation of vapour on the growing droplets. As a result, cloud formation causes a group of activated cloud droplets and another group of interstitial aerosol particles that both co-exist. The interstitial aerosol particles contain liquid or dry particles of equilibrium size (with diameters much smaller than cloud droplets). The study of aerosol hygroscopic behavior, aerosol activation, aerosol scavenged fraction, and cloud microphysics characteristics were extensively investigated in a series of field experiments and with numerical models (Martin et al., 1994; Garrett and Hobbs, 1995; Twohy et al., 1995; Svenningsson et al., 1997; Martinsson et al., 1999; Swietlicki et al., 1999; Komppula et al., 2005) .
For a given local supersaturation S, the nucleation scavenging of AP is determined by the size and chemical composition of aerosols. Experimental determination of the scavenged fraction reveals the complexity of the nucleation scav-enging process, owing to variations in S locally and in the chemical nature of AP (Martinsson et al., 1999; Komppula et al., 2005) . Thus, for the same supersaturated conditions, some particles with diameters as low as 50 nm become activated, while a small fraction of particles with d p ≥200 nm can remain unactivated. The scavenging fraction tends to increase rapidly with d p at diameters around 100 nm. Model simulations of soluble aerosol, with an updraft velocity that produces local supersaturations of ∼0.1−0.2%, predict a sharp increase of f 2 with particle diameter (Svenningsson et al., 1997) . To account for possible variability in aerosol chemical composition and variations in S, we adopt an f 2 -function (Fig. 5 ) that summarizes experimental results by Martinsson et al. (1999) and Komppula et al. (2005) . The thick black curve represents the f 2 -function used for the standard run to be compared with L o . The blue lines show the range of f 2 data reported by Martinsson et al. (1999) are based on observations from air masses with predominantly continental influences, occasionally impacted by pollution, as reflected in the observed large number concentration of cloud droplets. The red dotted lines with symbols represent the range of f 2 based on data reported by Komppula et al. (2005) for the station Pallas in Northern Finland, a pristine continental site, often impacted by clean maritime air masses. Data from the two studies overlap for conditions specific to continental air masses, while the red curve with rhombic symbols from Komppula et al. (2005) is more representative for clean maritime air masses. We choose f 2 to approximate typical continental air masses because at Hyytiälä, the impact of continental influences is more significant than at Pallas.
In-cloud collection and coagulation scavenging
The UFP that undergo nucleation scavenging grow to cloud droplet size and are removed by falling raindrops inside clouds. This leads to a scavenging coefficient L coll I C given in Appendix A. The physics of this process is the following: as UFP are drawn into the cloud, they are activated as CCN and grow to a cloud droplet size with a diameter ∼10 µm. The collection efficiency E I C for cloud droplets of 10 µm in diameter varies between 0.5 and 0.8 when the collectors are raindrops with diameter D p ∼0.2−2 mm (Slinn, 1977) . These considerations apply also for highly soluble aerosol, or aerosol attached to material that is highly soluble, such that particles can grow to a droplet size. For aerosol that is less soluble, the collection efficiency can be lower than 0.5. For snow, E I C ∼0.1−0.3, based on estimations by Scott (1982) .
Another aspect of the in-cloud collection by rainfall is the vertical variation of rainfall intensity R. Measurements usually only yield R values at the ground. Scott (1982) shows that for summer precipitations, R measured at the ground is representative of the BL, while above the cloud base, R decreases with height and becomes negligible at z∼6−7 km. Thus, we estimated that average in-cloud rainfall intensity, R I C , is about half of the ground value, R.
The second important mechanism of in-cloud removal of UFP is for the small UFP that are not affected by nucleation scavenging (mostly with d p ≤100 nm). These particles can coagulate with cloud droplets, raindrops or remain as interstitial aerosol. It can be shown that UFP coagulation with raindrops is insignificant because the number concentration of raindrops is much lower than that of cloud droplets. UFP coagulation with cloud droplets is important, and can lead to inclusion of UFP into droplets, followed by raindrop collection. This process leads to a scavenging coefficient, L coag I C , described in Appendix A. Next section describes comparisons between model calculations and observations, and illustrates model sensitivity to several important parameters.
Results

Effective scavenging coefficient
With the above considerations, a reference run to estimate the effective scavenging coefficient L eff was produced based on the following numerical values of various parameters: Table 1 calculated L eff tends has a minimum value for UFP diameter less than 100 nm. The position of this minimum varies with model parameters such as f 2 , and the overall shape of L eff depends on phoretic effects and in-cloud removal rate as will become evident in the sensitivity calculations below. The role of electric charge does not seem significant, and it is reasonable to assume that this mechanism is not important for predominantly stratiform precipitation based on reported data (Pruppacher and Klett, 1998) . The Coulomb interaction for average charge is important for thunderstorms and highly electrified clouds, becoming more evident at high values of R (associated with convective precipitation). The possible effect of image charges can be important as well but it is not included in this model. The presence of ions at SMEAR II (Laakso et al., 2004) , and work by Tinsley et al. (2000) , Tripathi and Harrison (2001) , Harrison and Carslaw (2003) indicate that electrostatic charge image interaction is possible between AP and raindrops. There is not yet a direct experimental account of the role of electric charge in UFP scavenging, and in the rest of the paper we will show results only for neutral particles.
The effect of the growth factor (GF) of UFP is important for determining which particles become activated by nucleation scavenging. GF has less effect on very small particles that coagulate with cloud droplets because GF is at most ∼2 while between UFP diameters and cloud droplets there is a size difference of orders of magnitude. Thus coagulation between very small UFP and cloud droplets is not affected greatly by GF. Similarly, for UFP with d p ≥100 nm, in-cloud scavenging is less sensitive to further growth in diameter and we see less impact of GF on the overall scavenging of particles larger than 100 nm. The highest effect of the growth factor is seen for d p in the range 50-100 nm where GF can make a significant difference. Thus, while a dry UFP of d p =50 nm has a small scavenged fraction, after the size change due to the GF, such particle becomes closer to 100 nm and can be scavenged more effectively.
The effect of air temperature on UFP scavenging is low for liquid precipitation. Caution is needed when using the model for cases when t c near the ground is close to 0 • C. In such cases, it is possible that at higher altitudes, precipitation inside cloud is solid and the collection efficiency as well as the hydrometeor size distribution in cloud might be different. Based on criteria for data selection, the possible number of cases with low t c is small and the overall scavenging co- efficient is determined by scavenging onto liquid raindrops. The choice of value for N 0 is based on the standard Marshall and Palmer raindrop size distribution parameters (described in Appendix A), but we note possible large variations of this parameter and sensitivity of results will be shown below.
Sensitivity calculations
The model described above depends on several parameters that exhibit large variations during rain events. In order to illustrate possible variations in model results, we show sensitivity tests in which the parameter of interest is varied while the parameters have the values used in the reference run. Figure 7 shows the model sensitivity with respect to the fraction, f 1 , of UFP from the BL that are mixed into cloud elements. The value of f 1 increases with average vertical velocity over the precipitation area, and is linked to a higher percentage of convective elements and to increased rainfall rates, R. The fraction f 1 is varied between 0.05 and 0.15 in this calculation, and other parameters are maintained at the constant values used for the simulations presented in Fig. 6 . A larger increase of f 1 will require a higher value of R because intense vertical transport is generally associated with convective precipitation. It is possible in principle to use a detailed mesoscale model and estimate f 1 over an area of interest, correlating it with the measured or estimated rainfall rate, R, at the ground. Since the mixing of UFP is practically independent of aerosol size, this parameter influences all aerosolcloud interactions described above (nucleation scavenging, in-cloud coagulation and collection). Thus, L eff values increase with f 1 for the the entire range of UFP diameters. Figure 8 shows model L eff sensitivity to the in-cloud collection efficiency E I C . This parameter is varied between 0.1 and 0.9. The case E I C =0.1 illustrates the model result when in-cloud collection by raindrops is negligible. In this case, the model predicted L eff is significantlly smaller than L o . 3) based on Scott (1982) and consistent with the results of Slinn (1977) . Based on the temperature distribution near the ground for the samples used, the number of cases with possible snow precipitation in-cloud is quite limited and the overall influence on L o is low as well. Note the remarkable sensitivity of estimated values of L eff with respect to the in-cloud collection efficiency, especially for particles with d p ≥50 nm. Figure 9 shows model sensitivity of L eff with respect to number concentration N c of cloud droplets. In the reference run we use N c =500 cm −3 , which is quite typical for continental clouds. Possible influences from polluted air masses over Europe causes higher number concentrations of cloud droplets (and lower average diameters of cloud droplets). We varied N c between 500 and 1500 cm −3 , which is consistent with data from field experiments that characterized cloud microphysics (Martinsson et al., 1999) . For maritime stratiform clouds, N c is considerably lower, in the range 100-200 cm −3 (Martin et al., 1994) . Overall, the increase of N c tends to increase UFP removal by coagulation, assuming the average diameter does not change considerably. In fact, the average diameter of cloud droplets changes with the number concentration of droplets: larger N c leads to smaller cloud droplets, which have slightly lower rates of coagulation with UFP. The sensitivity with respect to changes in cloud droplet diameter (not shown) indicates a similar range of variation of L eff . Figure 10 shows model sensitivity temperature difference between air and raindrop surface, δT =T a −T s . For δT =0 • C, there are no thermophoretic effects. The increase of δT re- sults in significant enhancement of the scavenging coefficient especially for UFP diameters smaller than 100 nm. The contribution of phoretic effects remains uncertain because of possible large fluctuations in δT and relative humidity close to raindrop surface. In real rain events, a falling raindrop has a temperature different from the ambient air due to its origin at higher altitudes in cloud and due to raindrop surface cooling by evaporation. The rate of evaporation depends on the relative humidity near raidrop surface. From our analysis of RH values at Hyytiälä, some of the lowest values correspond to the warmest periods, when also more convective precipitation are possible. Low RH favors rapid evaporation of raindrops, which can lead to larger δT =T a −T s and more intense phoretic effects. Figure 11 illustrates model sensitivity of L eff with respect to N 0 , the intercept parameter of the Marshall-Palmer size distribution of raindrops. The standard value for N 0 is considered representative and stable for long term averages of the widespread precipitation. Field data show that N 0 can vary significantly (Pruppacher and Klett, 1998) , and we illustrate the impact on model results caused by variations of one order of magnitude. Generally, L BC is quite sensitive to N 0 , which is reflected in the overall estimate of L eff , especially for UFP with d p ≤100 nm. So far, results were presented using the Marshall and Palmer RSD. We note that MP RSD overestimates the number of very small and very large raindrops. Other RSD functions have been proposed to fit observations, and one common choice is Gamma function with three parameters:
. For µ g =0 this RSD has the MP shape. Zhang et al. (2001) assumed a RSD as a Gamma function and they determined the three governing parameters from radar measurements: reflectivity, differential reflectivity and a constrained relation between the shape (µ g ) and slope ( g ) parameters derived from disdrometer observations. RSD for µ g =2, 3, 4 are used here to calculate L eff and are compared in Fig. 12 . Compar- isons with calculations based on MP RSD shows that Gamma function gives larger model scavenging coefficients. This suggests that variations in the RSD function and its parameters is a source of significant uncertainty in calculated scavenging coefficients.
Finally, Fig. 13 illustrates the change in aerosol size distribution due to scavenging for two cases. Case 1 is based on L eff corresponding to parameters used in the reference run illustrated in Fig. 6 . Case 2 is based on enhanched scavenging coefficient L eff , determined for several parameter values selected from the upper range values used in sensitivity simulations. Thus, for Case 2, f 1 =0.15, E I C =0.8, N 0 =16×10 6 m −4 and T a −T s =5 • C, while the other parameters have values as those used in Case 1. The initial UFP size distribution is the median aerosol size distribution from all observations taken during rain events. For Case 1, we note that after 1 h, there are notable changes, especially for particles with smaller diameters, and after 3 h the effect is enhanced. For Case 2, there is a major change overall suggesting that scavenging during 1-3 h can significantly reduce UFP number concentration for all sizes.
The model results shown above, indicate a range of calculated L eff , quite sensitive to the assumed parameters. These values are comparable with the observed values L o for the UFP scavenging coefficient, within model parameters uncertainties and experimental errors. We must keep in mind the limitations of the modeling framework used here, including uncertainties in the vertical mixing, simplified treatment of cloud droplet activation, lack of detailed knowledge of raindrop size distribution, and parameters controlling phoretic and electric charge effects. It is interesting to note that other attempts to determine L o from ground measurements of changes in aerosol size distribution have been published. be caused by the rainfall intensity range, precipitation type, different mixing conditions, variations in other environmental parameters and experimental errors. Future work will be needed to determine the role of each relevant factor and improve methodologies for scavenging coefficient determination using ground based measurements during rain events.
Conclusions
Scavenging coefficients with median values in the range [7×10 −6 −4×10 −5 ] s −1 , were reported by Laakso et al. (2003a) from six years of ultrafine particle (UFP) observations during rain events at a boreal forest site in Southern Finland. These values are comparable with results from similar experiments, for the same rainfall rates, but are generally higher than model calculations based only on belowcloud processes (Brownian diffusion, interception, and typical phoretic and charge effects).
In order to understand the possible role of various physical factors involved UFP scavenging during rain events, a model is presented, based on these processes: (1) UFP below-cloud scavenging by falling raindrops; (2) UFP mixing in-cloud and nucleation scavenging; and (3) UFP in-cloud collection and in-cloud coagulation with cloud droplets. Results from the model show overall reasonable agreement with observed values (within the range of experimental uncertainties). Nevertheless, significant sensitivity to parameters related to mixing and cloud microphysics is found in sensitivity tests.
These results are applicable to predominant stratiform precipitation that is not too intense (R∼1 mm h −1 ). Our results suggest that the net loss of UFP near the ground during a rain event is the outcome of below-cloud scavenging due to aerosol collection by raindrops, mixing, cloud droplet ac- tivation and in-cloud scavenging. The importance of each process is determined by the mixing between BL and cloud elements. If rates of mixing are reduced, then the belowcloud scavenging caused by raindrop collection becomes important. However, for typical mixing during rain event, the in-cloud processes prevail, and can impact directly the overall UFP scavenging from the BL.
Simulations with the new model show that ultrafine particle removal from the BL by rain depends on aerosol size, rainfall intensity, mixing processes between BL and cloud elements, the in-cloud scavenged fraction, the in-cloud collection efficiency, and in-cloud coagulation with cloud droplets. The chemical composition and aerosol history of chemical processing can impact the growth factor, possibly affecting the scavenged fraction of those particles that reach supersaturation conditions. Other effects related to electric charge may affect also the overall scavenging by increasing the efficiency of collection. Their role needs to be further investigated by direct measurements and by refining of current models of scavenging.
Future work to improve characterization of the scavenging coefficients, and our ability to estimate the loss of BL aerosol by precipitation, needs to include measurements of properties of cloud hydrometeors, such as vertical profiles of rainfall, raindrop size distributions, and electric charge. It is particularly important to use more detailed models with explicit aerosol transport and microphysics to evaluate the role of various terms illustrated here. Mesoscale models can be used to infer rates of mixing between BL and cloud region and determine the role of vertical and horizontal mixing in UFP changes near ground. The work needs also to be extended for snowfall precipitation, which is relevant for wintertime geographic regions that can cover large areas, moun- (Slinn, 1983) . The raindrop terminal velocity is taken as U (D p )=c×D γ p , with c=3.778 and γ =0.67 (with U in ms −1 and D p in mm) (Atlas and Ulbrich, 1977) . The raindrop size distribution is described by an empirical Marshall and Palmer (1948) 
where the first six terms represent the Brownian diffusion and interception contributions to the collection efficiency (Slinn, 1977 (Slinn, , 1983 , and the last three terms represent the thermophoretic, diffusionphoretic and electric contributions (Davenport and Peters, 1978) .
The thermophoresis contribution to collection efficiency is E t = 4α(2 + 0.6R is aerosol diffusivity in air, k B is the Boltzmann constant, T a is the air absolute temperature, T s is the absolute temperature of raindrop surface, C c is the Cunningham slip correction factor to account for non-continuum effects associated with small particles, C c =1+ , and λ a is the mean free path of air molecules. k a and k p are the thermal conductivity of air and aerosol particle, D w is the diffusivity of water vapor in air, p 0 a , p 0 s are water vapor pressure at temperatures T a and T s , P is total air pressure, M w and M a are the molecular weight of water and air.
The term E e is based only on Coulomb interaction between charged aerosols and raindrops and is given by this expression E e = a=0.83×10 −6 , α is an empirical parameter in the relations Q=a×αD 2 p , and q=a×αd 2 p are the average charges on raindrop and aerosol particle (in C units). α can be varied between 0, which corresponds to neutral particles, to ∼7, which corresponds to highly electrified clouds, associated with thunderstorms (Pruppacher and Klett, 1998; Andronache, 2004) .
The scavenging coefficient due to in-cloud collection by falling raindrops is 
where E I C is the in-cloud collection efficiency between cloud droplets (of diameter 10 µm) and raindrops. E I C is in the range 0.5-0.8 for soluble aerosol scavenged by liquid drops. For snow, the collection efficiency, E I C ∼0.2-0.3 (Scott, 1982) . The scavenging coefficient due to in-cloud coagulation between UFP and cloud droplets is 
